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ABSTRACT 

Ferromagnetic  shape  memory  martensites  in  the  Ni-Mn-Ga  system  have  been  demonstrated  to  achieve  a  number 
of  the  criteria  required  for  next  generation  actuators  including  the  production  of  large  theoretical  strains  up  to 
6%.  The  large  strain  originates  in  the  rotation  of  twin  variants  and  associated  twin  boundary  motion  which 
occurs  in  response  to  magnetic  fields.  The  magnetic  activation  holds  promise  in  actuator  design  because  it  can 
lead  to  higher  bandwidths  than  those  achieved  through  pure  martensite-austenite  phase  transformation,  as  is 
the  case  with  thermally-activated  shape  memory  alloys.  In  this  paper,  we  report  on  experimental  measurements 
collected  from  a  Ni49.oMn3o.oGa2i.o  cylindrical  sample  alloy,  driven  as  cast  by  a  collinear  magnetic  field-stress 
pair.  Despite  the  lack  of  a  known  restoring  force  and  the  fact  that  no  “training”  procedures  are  applied,  quasi¬ 
static  strains  as  large  as  4300  pe  are  shown.  Furthermore,  dynamic  results  in  the  DC-20kHz  range  are  presented 
which  would  suggest  the  presence  of  a  AE  effect  similar  to  that  seen  in  Terfenol-D  but  exhibiting  an  opposite 
dependence  of  stiffness  with  DC  field.  The  potential  implications  of  the  results  for  the  design  and  control  of 
dynamic  structures  based  on  Ni-Mn-Ga  are  very  significant. 
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1.  INTRODUCTION 

Large  magnetic  field-induced  strains,  up  to  a  theoretical  maximum  of  6%,  have  been  reported  for  Ni-Mn-Ga 
Heusler  alloys  that  exhibit  shape  memory  transformations.1  These  large  strains  occur  as  a  result  of  twin 
boundary  motion  as  martensite  variants  rotate  between  the  direction  perpendicular  and  parallel  to  the  stress 
direction.  These  field-induced  strains  do  not  result  from  traditional  Joule  magnetostriction  due  to  the  alignment 
of  magnetic  moments  (typically  only  250  /re  for  these  alloys)  but  from  the  reorientation  of  magnetically  favorable 
martensitic  variants  through  twin  boundary  motion.2  For  the  tetragonal  martensite,  the  favorable  variants  are 
those  whose  c-axis  is  aligned  with  the  field  direction.  Field  driven  twin  boundary  motion  thus  produces  an 
overall  contraction  of  the  sample.  Upon  removal  of  the  field,  there  is  no  restoring  force  to  drive  the  twin 
boundary  in  the  opposite  direction  and  the  field-induced  strain  is  not  recoverable. 

To  achieve  large  reversible  magnetic  field-induced  strains,  a  compressive  stress  is  applied  perpendicular  to 
the  field  direction  that  favors  variants  with  the  c-axis  aligned  along  the  compression  axis.  This  perpendicular 
drive  configuration  is  illustrated  in  Figure  1(a).  For  this  paper,  experiments  were  conducted  with  the  stress 
and  magnetic  field  applied  collinearly  along  the  magnetic  easy  axis  direction  of  the  sample,  contrary  to  the 
conventional  perpendicular  arrangement  (see  Figure  l(a)-(b)).  Despite  the  lack  of  a  known  restoring  force, 
reversible  strains  as  large  as  4300  pe  are  demonstrated,  which  represent  a  three-fold  improvement  over  Terfenol- 
D.  These  reversible  field-induced  strains  are  seemingly  too  large  to  result  from  Joule  magnetostriction  nor  can 
they  be  explained  by  the  existing  martensite  variant  reorientation  models.  The  sample  used  for  these  tests  is 
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Figure  1.  (a)  Conventional  perpendicular  configuration  for  field-induced  martensitic  twin  boundary  motion;  (b)  collinear 
field-stress  drive  configuration  employed  in  this  paper. 


one  in  a  set  of  alloys  whose  compositions  are  centered  on  Ni4g.5Mn2g.5Ga2i.o>  that  is  lower  in  Ga  and  higher  in 
Mn  than  the  compositions  believed  to  exhibit  largest  magnetic  field-induced  strains.  This  is  illustrated  in  Fig.  2. 
Furthermore,  contrary  to  the  conventional  processing  practice  of  material  “training”  through  field  cycling  and 
thermal  treatments,  these  large  strains  were  observed  in  samples  tested  as  cast. 

Despite  the  small  changes  in  composition  between  the  alloys  of  current  interest  and  those  showing  the 
largest  magnetic  field-induced  strains,  significant  and  profound  differences  are  apparent  between  the  magnetic 
transition  and  shape  memory  transition.  It  has  been  recently  reported  that  the  room  temperature  structure  of 
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Figure  2.  Compositional  map  for  Ni-Mn-Ga  alloys  (taken  from  Jin  et  al3).The  dark  square  represents  the  sample 
employed  here. 
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the  martensite  phase  at  higher  Mn  content  is  orthorhombic  (c/a=l.l)  rather  than  tetragonal.4  A  second  and 
perhaps  more  significant  difference  is  that  for  the  sample  tested,  the  shape  memory  martensitic  transformation 
temperature  are  nearly  coincident  with  the  ferromagnetic  ordering  temperature,  suggesting  a  coupled  magneto- 
structural  transformation  which  may  be  responsible  for  the  observed  reversible  strains.  Coupled  transitions, 
known  to  exist  in  rare-earth-silicon-germanium  compounds,5’ 6  result  in  extraordinary  magnetic  responses 
including  large  magnetostriction,  where  the  application  of  a  magnetic  field  drives  the  structural  change  from  a 
paramagnetic  austenite  phase  to  a  ferromagnetic  martensitic  phase.  This  structural  change  is  fully  reversible 
when  the  magnetic  field  is  removed. 

This  paper  presents  experimental  results  collected  from  a  Ni4gMn3oGa2i  cylindrical  element.  A  test  trans¬ 
ducer  was  designed  and  built  for  purposes  of  testing  cylindrical  samples  with  a  magnetic  field  aligned  with  the 
[100]  axis  of  the  sample  and  a  collinear  stress  loading.  Data  collected  include  transfer  functions  acceleration  per 
force  and  acceleration  per  input  field  under  various  impulse,  white-noise,  and  sine  sweep  excitations. 

2.  EXPERIMENTS 

2.1.  Experimental  Setup 

This  research  is  focused  on  the  dynamic  testing  of  a  single  crystal  alloy  with  composition  Ni4gMn3oGa2i  which 
was  prepared  by  the  Bridgman  method.  The  single  crystal  ingot  was  oriented  along  the  [100]  direction  and  a 
0.25  in  (0.635  cm)  diameter,  0.954  in  (2.423  cm)  long  rod  was  extracted  from  the  ingot  using  electrical  discharge 
machining  (EDM).  The  experiments  were  conducted  with  a  collinear  magnetic  field-stress  pair  in  the  broadband 
research  transducer  shown  in  Figure  3,  which  consists  of  a  water-cooled  solenoid,  pickup  coil,  and  magnetic  steel 
components  integrated  to  form  a  closed  magnetic  circuit.  The  solenoid  consists  of  1350  turns  of  AWG  15  magnet 
wire  and  has  a  field  rating  of  167  Oe/A.  Interspersed  within  the  solenoid  lies  a  0.25  in-diameter  copper  coil 
which  provides  temperature  control  within  ±  1  F  by  means  of  water  flow  at  a  rate  of  up  to  6.35  L/min.  The 
solenoid  is  driven  by  two  Techron  7790  4kW  amplifiers  arranged  in  series  with  an  overall  voltage  gain  of  60 
and  a  maximum  output  current  of  56  A  at  the  nominal  solenoid  resistance  of  3.7  fi.  The  magnetic  induction 
is  measured  with  a  pickup  coil  made  from  AWG  33  insulated  copper  wire  wound  in  several  layers  around  an 
aluminum  spool  and  connected  to  a  Walker  Scientific  MF-5D  integrating  fluxmeter.  The  strain  is  measured 
by  means  of  a  Lucas  Shaevitz  MHR-025  linear  variable  differential  transducer  (LVDT)  while  the  acceleration 
is  measured  by  PCB  U352C22  and  352C68  accelerometers.  Several  Omega  thermocouples  are  used  to  monitor 
the  system  temperature  through  a  10-channel  Omega  signal  conditioner.  For  loaded  tests,  a  fixture  consisting 
of  dead  weights  which  can  be  adjusted  from  O-lOOOlb  is  employed  and  a  PCB  208C04  force  transducer  is  used 
to  measure  stress.  For  impulse  tests,  a  PCB  086C03  impulse  hammer  is  used.  The  system  is  controlled  by  a 
Data  Physics  SignalStar  Vector  550  dynamic  signal  analyzer  and  a  SigLab  20-42  data  acquisition  system,  both 
interfaced  through  a  PC.  The  test  setup  is  illustrated  in  Figure  4. 

2.2.  Test  Conditions 

The  measured  and  recorded  signals  include  either  mechanical  displacement  or  acceleration  depending  on  whether 
the  excitation  source  is  quasi-static  or  dynamic,  as  well  as  output  force,  and  magnetic  induction.  In  addition, 
temperatures  were  monitored  at  the  core  of  the  solenoid  and  at  the  inlet  and  outlet  of  the  cooling  coil.  Several 
test  modalities  were  employed  for  purpose  of  analyzing  the  dynamic  response  of  the  active  element  in  relation  to 
the  surrounding  structure.  Quasi-static  tests  were  run  to  determine  the  dependence  of  strain  and  magnetization 
on  magnetic  field.  In  these  tests,  a  high  amplitude  (9.5  kOe  (756  kA/m)  0-pk),  low  frequency  (0.1,  0.5,  1.0 
Hz)  AC  current  was  supplied  to  the  solenoid  and  the  strain  and  induction  were  measured  using  an  LVDT  and 
integrating  flux-meter  respectively.  These  tests  are  discussed  in  more  detail  by  Malla  et  al.7  and  are  summarized 
in  Section  4  to  indicate  the  magnetic  activity  present  in  the  sample  employed  in  this  study.  The  second  test 
modality  consisted  of  static  elastic  modulus  characterization.  In  these  tests,  the  transducer  was  loaded  with 
free  weights  from  1.6  -  4  ksi  (11  -  27.5  MPa)  in  eleven  increments  and  the  strain  was  measured  using  an  LVDT 
while  various  magnetic  bias  fields  were  applied.  The  results  are  stress  vs  strain  curves  from  which  the  static 
elastic  modulus  was  calculated  as  the  slope  of  the  best  fit  line. 


3 
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Figure  3.  Cross-section  of  the  broadband  transducer  employed  in  this  study. 


The  third  test  modality  and  the  main  focus  of  this  research  was  the  dynamic  testing  of  Ni4gMn3oGa2i 
driven  by  a  collinear  magnetic  field-stress  pair  in  the  broadband  transducer  described  in  Section  2.1.  The 
output  of  these  tests  was  a  series  of  transfer  functions  between  the  pick-up  coil  voltage,  pushrod  acceleration, 
and  transducer  housing  acceleration,  and  the  input  current.  The  data  were  used  to  determine  trends  in  the 
relationship  between  the  stiffness  (and  therefore  elastic  modulus)  of  the  system  and  the  bias  field.  Three  types 
of  dynamic  tests  were  performed  in  the  range  of  a  few  Hertz  to  20  kHz.  First,  impulse  testing  was  employed 
to  identify  the  primary  mechanical  resonances  of  the  transducer-sample  system.  These  resonances  were  further 
explored  under  various  DC  magnetic  bias  levels  ranging  from  0  -  1.6  kOe  (0  -  129  kA/m)  through  the  use  of 
random  excitations  with  an  rms  amplitude  of  5.4  kOe  (  431  kA/m).  Finally,  a  closer  investigation  of  the  primary 
resonances  was  achieved  using  swept  sine  analysis  at  these  same  test  inputs.  For  these  tests,  the  acceleration 
of  the  unloaded  pushrod  was  measured  using  a  PCB  352C68  accelerometer,  the  acceleration  at  the  rim  of 
the  transducer  was  measured  with  a  PCB  U352C22  accelerometer,  and  the  pickup  coil  voltage  was  measured 
directly. 


Figure  4.  Experimental  setup  used  for  quasi-static  and  dynamic  testing  of  the  Ni-Mn-Ga  samples. 
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3.  MODELING  AND  DATA  ANALYSIS 


For  purposes  of  model  development  and  data  analysis,  a  two-DOF  lumped-parameter  model  of  the  test  trans¬ 
ducer  is  considered  as  shown  in  Figure  5.  Employing  Newton’s  second  law,  the  dynamic  equations  for  the  system 
take  the  form 

mx  =  ki(y  —  x),  (la) 

My  =  F  —  ki(y  —  x)  —  k2y  —  cy,  (lb) 

in  which  zero  initial  conditions  are  assumed.  Taking  the  Laplace  transform  of  relations  (la)  -  (lb)  and 
combining  the  resulting  algebraic  equations  yields  the  transfer  function  acceleration  per  applied  force, 


x  k\  s 2 

F  Mms 4  +  mcs 3  +  ( k\m  +  k2m  +  Adk\)s2  +  cAqs  +  k\k2 


(2) 


It  is  noted  that  the  force  F  results  from  the  strain  produced  in  response  to  the  magnetic  field.  The  mechanical 
resonance  frequencies  are  determined  from  the  poles  of  transfer  function  (2),  as  follows 


Aqm  +  k2m  +  k\M  ±  \Jk\m 2  +  k^m2  +  kl2M2  +  2kik2m2  +  2 k\Mm  —  2AImkik2 


2  Mm 


k\k2 
Mmui2  ’ 


where  the  damping  c  between  the  transducer  and  the  floor  has  been  assumed  negligible,  and  s  =  jut. 
for  k\  and  k2  from  relations  (3a)  -  (3b)  gives 


A’i  = 


(wf  +  u>2)Mm  ±  \J {tjj\  +  ui2)2M2m2  —  4 (M  +  m)Mm2wfw| 


2  (M  +  to) 


Mmcofuj  | 
k2  =  - ; - . 


(3a) 

(3b) 


Solving 


(4a) 

(4b) 


Figure  5.  Two-degree  of  freedom  lumped-parameter  model  of  the  FSMA  transducer. 
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Referring  to  Figure  5,  it  is  noted  that  k\  represents  the  effective  stiffness  of  the  series  combination  of  the  pushrod 
stiffness  kpr,  FSMA  sample  stiffness  ksam ,  and  two  steel  extensions  with  stiffness  kend ■  Thus,  the  stiffness  of 
the  Ni-Mn-Ga  sample  takes  the  form 

ksam  —  ~  4  2  '  (5) 

k  l  kpr  kerLCl 

The  elastic  modulus  of  the  Ni-Mn-Ga  sample  Esam  is  obtained  by  employing  a  linear  stiffness  model  Esam  = 
where  L  and  A  respectively  represent  the  length  and  cross-sectional  area  of  the  Ni-Mn-Ga  rod.  Thus, 
the  elastic  modulus  takes  the  form 

L 


k  i  kpr  kBrld 


Calculations  of  elastic  moduli  under  various  bias  fields  are  provided  in  Section  4  along  with  comparisons  with 
quasi-static  elastic  moduli  data  obtained  from  the  slope  of  stress-strain  measurements. 

4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

4.1.  Quasi-Static  Tests 

The  strain  and  magnetization  output  of  various  alloys  centered  on  Ni4g.5Mn2g.5Ga2i.o  were  investigated  at  high 
amplitude,  low  frequency  AC  magnetic  fields,  zero  magnetic  bias,  and  various  loads.  While  the  complete  set  of 
tests  are  discussed  in  detail  by  Malla  et  al., 7  we  present  quasi-static  data  for  the  purpose  of  highlighting  the 
degree  of  activity  of  the  sample  used  in  the  dynamic  tests  as  compared  to  the  most  active  alloy  in  the  set  being 
investigated. 

Figure  6  shows  strain  and  magnetization  curves  for  two  Ni-Mn-Ga  samples  at  an  AC  magnetic  field  of  9.5 
kOe  (756  kA/m)  applied  to  an  unloaded,  unbiased  transducer  at  frequencies  of  0.1,  0.5,  and  1  Hz.  Figures  6(a) 
and  6(b)  show  the  Ni4g.oMn3o.oGa2i.o  sample  that  was  used  for  the  dynamic  tests  discussed  in  the  following 
sections.  Figure  6(c)  and  (d)  are  data  from  the  Ni481Mn3o.6Ga2i.3  sample  that  showed  the  largest  strain  of  the 
set  tested  under  quasi-static  conditions. 

In  Figure  6,  it  is  first  noted  that  the  strain  increases  from  about  1200  to  about  4300  /re  as  the  Ni  content 
decreases  at  virtually  constant  Ga  content.  This  maximum  represents  a  significant  improvement  over  the 
saturation  strain  of  Terfenol-D  of  about  1600  fie.  This  increase  in  strain  is  accompanied  by  an  increase  in  the 
magnetization  hysteresis  and  thus  results  in  a  change  in  the  coercivity  point  and  permeability  as  is  detailed 
in  Malla  et  al..'  Secondly,  it  is  noted  that  there  are  significant  changes  in  the  transducer  behavior  as  the 
excitation  frequency  is  varied  from  0.1  to  1.0  Hz.  For  example,  the  magnetic  hysteresis  increases  and  the  cross 
over  point  in  the  strain  versus  field  curve  also  increases  with  increasing  frequency.  These  observations  motivate 
in  part  the  investigation  of  the  behavior  under  various  frequencies  through  the  use  of  impulse,  white-noise,  and 
swept  sine  excitations  as  discussed  in  later  sections. 

4.2.  Static  Elastic  Modulus  Tests 

A  series  of  static  tests  were  conducted  in  order  to  determine  the  elastic  modulus  of  Ni49.0Mn3o.oGa2i.o-  For 
these  tests,  the  transducer  was  loaded  at  eleven  increments  between  1.6  -  4  ksi  (11  -  27.5  MPa)  for  bias  fields 
of  0,  100,  200,  500,  800,  1000,  and  1500  Oe  (0,  7.9,  15.9,  39.8,  63.6,  79.6,  and  119.4  kA/m).  The  applied  force 
was  measured  using  a  force  transducer  and  the  relative  deflection  was  measured  using  an  LVDT.  The  results  of 
these  tests  are  shown  in  Figure  7.  The  slopes  of  these  curves  were  found  using  the  polyfit  Matlab  command.  The 
elastic  moduli  shown  in  Figure  7(b)  are  those  of  the  sample,  extensions,  and  pushrod  combination.  However, 
it  is  estimated  that  these  values  are  largely  due  to  the  stiffness  of  the  sample  itself  since  the  Ni-Mn-Ga  is  much 
softer  than  the  steel  extensions  and  pushrod.  It  is  noted  that  the  elastic  modulus  varies  with  magnetic  bias  by 
about  11%.  This  trend  will  be  discussed  further  in  the  following  section  where  the  static  and  dynamic  data  will 
be  compared. 
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Figure  6.  Quasi-static  data  at  various  low  frequencies  showing  (a)  strain  vs.  field  and  (b)  magnetization  vs  field  for 
Ni49.oMn3o.oGa2i.o  and  (c)  strain  per  field  and  (d)  magnetization  per  field  for  Ni48.iMii3o.6Ga2i.3. 

4.3.  Frequency  Response  Dependence  on  Bias  Field 

To  assess  the  dynamic  response  of  the  transducer  and  Ni-Mn-Ga  element,  impulse,  white  noise,  and  swept  sine 
response  tests  were  conducted  at  frequencies  ranging  from  DC  -  20kHz.  Figure  8  shows  the  transfer  function 
pushrod  acceleration  per  force  collected  for  impulse  excitation  under  no  mechanical  load  and  a  shorted  drive  coil. 
The  results  show  the  approximate  location  of  the  primary  system  resonances  at  around  100-250Hz,  1.4-1. 5kHz, 
and  10k-15kHz  with  the  majority  of  resonance  behavior  occurring  below  2  kHz. 

The  transducer’s  white-noise  response  is  shown  in  Figure  9.  The  1.8  kHz  peak  appears  to  be  the  dominant 
resonance  of  the  system  and  is  most  likely  due  to  the  vibration  of  the  transducer  casing  in  one  of  its  lower 
modes.  The  3.6  kHz  resonance  is  also  significant  and  may  be  caused  by  the  vibration  of  the  Ni-Mn-Ga  sample 
with  contributions  from  the  end  extensions  and  pushrod. 

Figure  10  shows  the  results  from  swept  sine  tests  run  at  a  constant  AC  drive  field  of  5  kOe  (400  kA/m) 
amplitude,  no  mechanical  load,  and  various  DC  bias  fields  ranging  between  0  -  1.6  kOe  (0  -  129.3  kA/m). 
Figures  10(a),  (c),  and  (e)  represent  the  transfer  functions  pushrod  acceleration  per  input  current  for  each  of 
the  aforementioned  resonances  while  10(b),  (d),  and  (f)  show  the  transfer  functions  canister  acceleration  per 
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Figure  7.  (a)  Static  stress-strain  curves  for  various  bias  levels  and  (b)  elastic  modulus  calculated  from  best  fit  lines. 


input  current.  All  of  the  plots  in  this  figure  show  a  dependence  on  magnetic  bias,  suggesting  the  presence 
of  electromechanical  coupling  most  likely  produced  by  the  active  Ni-Mn-Ga  element.  In  all  the  graphs,  the 
amplitude  of  the  acceleration  response  increases  as  the  magnetic  bias  field  increases.  A  second  observed  effect 
of  increasing  the  magnetic  bias  field  is  the  shift  in  the  resonance  frequency  for  most  of  the  peaks  in  Figure  10. 
This  would  suggest  a  shift  in  the  stiffness  of  the  Ni-Mn-Ga  sample  and  the  associated  modulus  shift,  known  as 
the  AE  effect.  The  general  trend  in  this  resonance  shift  seems  to  be  a  stiffening  at  low  bias  levels  followed  by 
a  softening  at  higher  levels  which  results  in  an  overall  softening  of  the  sample. 

It  is  noted  that  the  overall  modulus  decrease  with  bias  increase  is  the  inverse  of  the  AE  effect  exhibited  by 
magnetostrictive  Terfenol-D  for  which  an  increase  in  DC  bias  field  of  500  Oe  (40  kA/m)  produces  an  increase 
in  resonant  frequency  of  about  500  Hz.8  This  reversal  of  the  AE  effect  between  Terfenol-D  and  Ni-Mn-Ga  in 
similarly  driven  actuators  supports  the  hypothesis  that  the  physical  mechanism  driving  the  strain  in  these  two 
materials  is  fundamentally  different. 


Figure  8.  Transfer  function  pushrod  acceleration  per  Figure  9.  Transfer  function  pushrod  acceleration  per 

input  force  for  impulse  excitation.  input  current  for  white-noise  excitation. 


In  Figure  10,  it  is  also  observed  that  the  peak  at  1.5  kHz  in  (a)  and  at  4.5  kHz  in  (d)  do  not  show  the  same 
shift  with  bias  field  that  is  observed  in  the  other  peaks.  These  peaks  are  believed  to  be  due  to  the  vibration  of 
components  that  are  not  coupled  to  the  Ni-Mn-Ga  sample  and  are  therefore  not  affected  by  its  stiffness  change. 
The  1.5  kHz  peak  which  appears  in  the  pushrod  acceleration  is  uncoupled  from  the  canister  acceleration.  Thus, 
this  peak  is  believed  to  be  due  to  a  central  section  of  the  transducer  that  is  uncoupled  from  the  sample  such  as 
the  linear  bearing.  The  4.5  kHz  peak  seen  in  (d)  appears  only  in  the  canister  acceleration  transfer  function  and 
is  thus  believed  to  represent  a  vibration  mode  from  the  transducer’s  top  plate,  which  is  structurally  uncoupled 
from  the  Ni-Mn-Ga  sample. 

Another  feature  observed  in  Figure  10  is  the  fact  that  while  the  pushrod  resonances  and  the  canister  reso¬ 
nances  are  aligned  near  the  1.8  kHz  and  14  kHz  peaks,  this  is  not  the  case  for  the  3.6  kHz  peak.  To  illustrate, 
the  frequency  scale  has  been  expanded  in  Figure  10(d).  While  the  transfer  function  pushrod  acceleration  per 
current  shows  resonant  response  from  about  3.5  -  4.3  kHz,  the  equivalent  resonant  response  in  the  transfer 
function  canister  acceleration  per  current  occurs  between  3.2  -  3.8  kHz  while  there  is  very  little  frequency 
content  for  most  bias  levels  between  3.8  -  4.3  kHz.  This  would  seem  to  indicate  that  the  resonance  peak  seen 
in  (c)  at  about  4  kHz  is  very  closely  linked  to  the  vibration  of  the  Ni-Mn-Ga  sample  and  is  mostly  uncoupled 
from  the  transducer.  For  this  reason,  this  peak  was  selected  as  one  of  the  two  resonance  frequencies  employed 
in  the  analytic  determination  of  the  sample’s  elastic  modulus. 

The  final  step  in  the  data  analysis  is  the  use  of  the  equations  (l)-(6)  to  determine  the  elastic  modulus  for 
the  sample  from  the  dynamic  data  and  the  comparison  of  these  values  with  those  determined  statically.  The 
results  are  shown  in  Figure  11  where  the  elastic  modulus  is  plotted  as  a  function  of  bias  field  for  both  cases. 
Modulus  shifts  of  18%  and  11%  are  respectively  calculated  for  the  dynamic  and  static  data.  Trends  show  a 
general  increase  at  low  bias  levels  and  decrease  at  higher  levels  for  the  dynamic  case  There  are  discrepancies  in 
the  turn-around  point  however  which  may  be  a  function  of  a  combination  of  the  bias  level  spacing  and  testing 
error  in  the  case  of  the  static  tests.  The  discrepancy  in  the  magnitudes  of  the  moduli  are  similar  to  discrepancies 
seen  for  similar  tests  on  Terfenol-D9  and  can  be  partially  explained  by  the  inaccuracies  in  the  2-DOF  model 
used  which  include  the  lack  of  magnetic-structural  interactions  and  the  fact  that  damping  was  ignored  in  the 
calculations. 

The  high  current  magnitude,  frequency  levels,  and  time  intervals  involved  in  the  swept  sine  tests  seen  in 
Figure  10  can  cause  test  repeatability  problems  due  to  heat  issues  in  the  sample,  transducer,  and  amplifiers. 
However,  with  adequate  cooling  time  between  tests,  reasonable  repeatability  was  achieved.  This  is  seen  in 
Figure  12  for  a  5.4  kOe  (431  kA/m)  AC  drive  field  and  a  812  Oe  (64.7  kA/m)  bias  field. 
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Figure  10.  Swept  sine  response  of  Ni-Mn-Ga  transducer  at  various  bias  fields  for  (a)  1.8kHz  peak,  pushrod  accelerometer, 
(b)  1.8kHz  peak,  canister  accelerometer,  (c)  3.6kHz  peak,  push-rod  accelerometer  (d)  3.6kHz  peak,  canister  accelerometer, 
(e)  14kHz  peak,  push-rod  accelerometer,  and  (f)  14kHz  peak,  canister  accelerometer. 
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Figure  11.  Comparison  of  elastic  moduli  determined  FiSure  12‘  Repeatability  data  showing  five  identical 

from  static  and  dynamic  tests.  tests'  The  inset  sllows  8reatest  deviation. 


5.  CONCLUSIONS 

This  paper  has  presented  a  discussion  on  analytical  and  experimental  issues  involved  in  the  use  of  Ni-Mn-Ga  as 
the  active  element  in  a  magnetically  actuated  transducer  with  coaxial  applied  field  and  stress.  Results  for  tests 
run  at  frequencies  ranging  from  DC-20  kHz  with  DC  magnetic  field  levels  of  0-1.6  kOe  (0  -  129.3  kA/m)  and  AC 
field  intensity  of  5.4  kOe  (431  kA/m)  have  shown  a  resonant  frequency  shift  towards  higher  frequency  for  bias 
values  below  a  certain  threshold  and  towards  lower  frequencies  as  the  bias  is  increased  beyond  that  threshold. 
These  results  would  suggest  the  presence  of  an  18%  AE  effect  which  is  analogous  to  that  seen  in  Terfenol-D 
but  in  which  the  dependence  of  stiffness  on  magnetic  bias  increases  for  low  DC  field  values  and  decreases  with 
increasing  DC  field  after  a  maximum  stiffness  is  reached.  This  trend  is  opposite  to  that  observed  in  Terfenol-D. 
The  results  could  enable  a  new  class  of  compact  ferromagnetic  shape  memory  actuators  driven  with  solenoids 
as  opposed  to  electromagnets  as  is  the  case  with  current  devices.  Future  work  in  this  area  will  include  the 
modification  of  the  system  model  to  include  damping  and  mechanical-magnetic  interactions  as  well  as  further 
testing  in  smaller  bias  increments.  In  addition,  the  effect  of  drive  field  amplitude  and  mechanical  load  will  be 
further  investigated. 
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